Introduction
The in situ measurement of atmospheric aerosol optical properties is an important component of quantifying climate change (Solomon et al., 2007; Schwartz et al., 2010) . In particular, in situ measurement of the aerosol single-scattering albedo (SSA), which is the ratio of aerosol scattering to aerosol extinction, is identified as a key challenge in atmospheric sciences and climate change research (Loeb and Su, 2010) . Ideally, the complete set of aerosol optical properties are measured through optical closure studies which simultaneously measure aerosol extinction, scattering and absorption coefficients. The recent development of new optical instruments have made real-time in situ optical closure studies attainable, including from mobile platforms such as aircraft (Langridge et al., 2011) ; however, many of these instruments are state-of-the-art and not practical for routine monitoring. Here, we evaluate the recently developed Cavity Attenuated Phase Shift particle light extinction monitor (CAPS PM ex ) against commonly used techniques for routine monitoring of aerosol optical properties.
Aerosol extinction, scattering and absorption coefficients are measured using different techniques. The particle scattering coefficient σ sp is typically measured by an Integrating Nephelometer (Heintzenberg et al., 2006) . For the particle absorption coefficient σ ap , either filter-based or in situ methods are available, both of which have been extensively investigated in various studies (Arnott et al., 2003; Sheridan et al., 2005; Müller et al., 2011) . In the laboratory, the direct measurement of the particle extinction coefficient σ ep
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is performed with long-path extinction cells (Schnaiter et al., 2005) or cavity ring-down systems (Strawa et al., 2003) , while various methods exist for atmospheric measurements (Schmid et al., 2006) .
Long-path extinction cells are limited in their lower detection range to extinction coefficients well above 10 Mm −1 ; e.g. both Schnaiter et al. (2005) and Chartier and Greenslade (2012) report for their long-path extinction spectrometers noise levels of 20 Mm −1 for extinction cells of optical path length of 10 m and ∼ 20 m respectively and for integration times of several minutes. According to the underlying Lambert-Beer law, an improvement of the lower detection limit can be achieved only by increasing the optical path length which, however, imposes geometrical limitations. In contrast to long-path extinction cells, the cavity ring-down (CRD) method yields the aerosol extinction coefficient by measuring the time constant for light decay in a high-finesse cavity containing the absorbing and scattering particles. A detailed introduction to the CRD technique for aerosol extinction measurement is given by Strawa et al. (2003) , whereas Moosmüller et al. (2005) provide an overview over the various CRD and cavity-enhanced detection approaches. Driven by a rapid technology development, CRD instruments are now available as multi-wavelength systems for atmospheric measurements (Schmid et al., 2006; Baynard et al., 2007; Atkinson et al., 2010) and laboratory studies Butler et al., 2009; Cross et al., 2010) .
Recently, a compact and robust family of optical instruments based on the cavity attenuated phase shift technique has become available . In particular, the CAPS PM ex particle optical extinction monitor has demonstrated sensitivity (2-σ ) of less than 2 Mm −1 in 1 s sampling period; with a 60 s averaging time, a detection limit of less than 0.3 Mm −1 can be achieved. The CAPS PM ex technique, similar in its basic principle to cavity ring-down, relies on the use of a short (26 cm) sample cell employing high reflectivity mirrors . Square-wave modulated light emitted from a light emitting diode (LED) at a wavelength ∼ 630 nm is directed through one mirror into the sample cell. The distortion in the square wave caused by the effective optical path length within the cavity (approx. 2 km light path) is measured as a phase shift in the signal as detected by a vacuum photodiode, which is located behind the second mirror. A detailed description of the method, including first results from laboratory characterization and field deployment, is given by Massoli et al. (2010) , while Yu et al. (2011) reports an application to the direct measurement of combustion particle emissions from aircraft engines.
This study characterizes the CAPS PM ex instrument for both laboratory test aerosols and ambient aerosol. The CAPS PM ex instrument was evaluated against a combination of an integrating nephelometer (NEPH; TSI Model 3563), a particle soot absorption photometer (PSAP; Radiance Research) ( Virkkula et al., 2005) and a multi-angle absorption photometer (MAAP; Thermo Model 5012) (Petzold and Schönlinner, 2004; Petzold et al., 2005) . The experimental approach taken for the evaluation of the CAPS PM ex extinction monitor was divided into three consecutive steps: (1) an accurate determination of instrument pathlength adjustment by using non-absorbing polystyrene latex (PSL) spheres combined with Mie theory calculations; (2) instrument intercomparison with polydisperse laboratory aerosols of known composition; and (3) instrument intercomparison for ambient aerosol.
Experimental section

Instrumental set-up
Instruments deployed in our study were the CAPS PM ex extinction monitor for measuring the particle extinction coefficient, σ ep , the PSAP and MAAP instruments for measuring the particle absorption coefficient, σ ap , and a NEPH for measuring the particle scattering coefficient, σ sp . Instrument details and acronyms used in this publication are summarized in Table 1 .
Monodisperse particle distributions of PSL spheres (Duke Scientific Corp., Palo Alto, CA) of nominal diameters 350 ± 7, 499 ± 5, 596 ± 6, 701 ± 6, and 903 ± 9 nm were nebulized in a Collison-type atomizer , dried to ≤ 25 % relative humidity (RH) in a tube filled with silica gel, size-selected by a differential mobility analyzer and fed into the CAPS PM ex extinction monitor. The total number concentration, N total , and the size distribution of the PSL spheres were measured simultaneously by an optical particle counter (OPC) (Grimm Model 1.129), which has a lower detection size limit of 250 nm in diameter for a particle refractive index of 1.585. The experimental set-up used for the instrument calibration is shown in Fig. 1 .
Polydisperse test aerosols were generated in a laboratory setting with varying SSA values ranging from 0.35 to 1.0 at a wavelength of 630 nm by mixing purely scattering ammonium sulfate (AS) particles with strongly absorbing black carbon (BC) aerosol (Regal 400R pigment black, Cabot Corp.). Both types of aerosols were generated by nebulizing a solution of the respective substance in deionized water in an atomizer and drying the aerosol as described above. When generating external aerosol mixtures, the pure aerosols were fed into a 3 L mixing volume from which the instruments sampled. Particle-free make-up air was added downstream of the mixing volume to balance the input flow from the atomizers and the overall flow sampled by the suit of instruments. The set-up used for the polydisperse laboratory aerosol studies is shown schematically in Fig. 2 . Test aerosol runs were performed consecutively for five concentration levels of AS, four concentration levels of pure BC and three levels of AS + BC mixtures. For both the BC and the AS aerosol, the atomizers were operated at constant conditions for high output, while lower values of the extinction coefficient were achieved by adding particle-free dilution air. The dilution air flow was adjusted such that the measurements spanned over more than one order of magnitude for σ ep with values ranging from 30 to 400 Mm −1 . Mixed aerosols were generated by keeping a BC aerosol concentration constant and adding AS aerosol so that the obtained SSA values at a wavelength of 630 nm ranged from 0.8 to 1.00 for the mixed AS + BC aerosols. Test aerosols thus covered the entire range of SSA values relevant for ambient aerosol measurements (0.4 to 1.0).
For the measurement of ambient aerosol, the instrumental set-up shown in Fig. 2 was kept unchanged, but the sampling line was switched from the aerosol generator branch to the PM 10 sampling line. The PM 10 sampler was installed on the roof of the Aerodyne building, which is located in Billerica, MA, in a business park about 200 m east of Route 3. Ambient aerosol sampling was conducted continuously over a period of two weeks from 27 May to 8 June 2011.
For both types of studies, the sample lines were approximately equal in length for both instruments and as short as possible (in general < 1 m), and the flows at bifurcations were designed to be nearly equal. Considered particle diameters for line loss estimates ranged from 0.1 µm (the lower limit of the optical activity of particles at visible wavelengths) to approx. 1 µm. Line loss estimates were performed based on Hinds (1999) and AEROCALC (P. Baron, personal website, 2001 ).
During the pathlength adjustment studies (see Fig. 1 ), both the CAPS PM ex and OPC were sampling with an approximate flow of 1 Lpm, and the tubing lengths downstream of the bifurcation were approx. 1 m each. Thus, for these studies any particle loss effects will be of equal magnitude for both instruments.
All key instruments for the aerosol mixture studies were connected to the same branch downstream of the 45 • angular split from the MAAP (see Fig. 2 for details). This flow was then divided between the NEPH (11 Lpm) and the other instruments (in total, 3 Lpm). Line loss estimates started with the flow split for the NEPH line as upper limit estimate and considered line length of 1 m, flow of 11 Lpm, and velocity of 2.5 m s −1 . For particles of 100 nm in diameter we found diffusion loss < 1 % and inertia loss at bends of 45 • < 1 %, whereas losses by gravitational settling were negligible for sizes from 0.1 to 1 µm in diameter. From this estimate we conclude that particle losses due to inertial and diffusional processes are of the order of 1 % and can therefore be neglected in our data analysis. Instrument precision was determined by operating two identical CAPS PM ex instruments side by side in the Aerodyne laboratories for 48 h. The instruments were sampling laboratory air, which was relatively well temperaturecontrolled and reasonably dry because of the air conditioning of the laboratory. Although we used two CAPS PM ex instruments equipped for a wavelength of 530 nm, we decided to include these data in the instrument evaluation because instrument reproducibility is expected to be independent of the operation wavelength.
Data inversion
NEPH data were corrected for truncation angle effects by two approaches: the correction proposed by Anderson and Ogren (1998) for mostly scattering aerosol was applied to AS runs, mixed AS + BC runs and ambient aerosol data, while for highly absorbing BC aerosols, the approach suggested by Massoli et al. (2009) was used. Both correction schemes are based on the measured light scatteringÅngström exponentå sp = −log(σ sp.450 /σ sp.700 )/log(450/700); see Massoli et al. (2009) for details. Further adjustment of σ sp to the PSAP operation wavelengths of 467 and 660 nm was performed using the measured value ofå sp . The wavelength of 550 nm was not used in this study.
The PSAP raw signal was corrected according to Virkkula et al. (2005) , Virkkula (2010) and Ogren (2010) using the NEPH data. PSAP data measured at filter transmissions < 70 % were rejected, as recommended by Bond et al. (1999) . MAAP and CAPS PM ex data were used without further corrections except the adjustment to temperature and pressure measured by the NEPH, i.e. all data refer to same pressure and temperature conditions. This approach is justified because a 5 K heating of the NEPH by the lamp at constant pressure and an ambient temperature of approximately 300 K would result in an overestimation of σ ap by 1.5 %. Since the internal temperature of the PSAP is not available, we decided to neglect this correction.
Data from CAPS PM ex and from NEPH + PSAP were processed on the basis of the NEPH time resolution of 10 s, whereas MAAP data are reported on a 1min time resolution. For the final evaluation of instrument performances for ambient aerosol, all instrument data were converted to 10 min time averages.
For instrument intercomparison purposes, all instruments were adjusted to the wavelength of 630 nm. Data were compared in the red spectral region since both singlewavelength instruments (CAPS PM ex and MAAP) operate at λ ∼ = 630 nm, whereas the 3-wavelength instruments NEPH and PSAP allow for a wavelength-dependent adjustment based on direct measurement. The value for σ ep from NEPH + PSAP was adjusted to that for 630 nm by using the extinctionÅngström exponent measured for the wavelength pair 467 nm/660 nm, and the value for σ ap was adjusted to 630 nm by logarithmic interpolation. Figure 3 summarizes the data inversion schemes applied to the various instruments.
Results
Determination of pathlength adjustment
The CAPS PM ex extinction monitor provides an absolute measurement of particle light extinction. However, in order to keep the mirrors from being contaminated by the particles, a small volume in front of each mirror must be flooded with particle-free purge gas, thus shortening the effective pathlength. As noted in Massoli et al. (2010) , this effect was approximately measured using nitrogen dioxide, an absorbing gas. When extinction measurements using PSL spheres were compared to Mie scattering cross sections calculated assuming a monodisperse size distribution, the results were within the ± 10 % uncertainty of the condensation particle counter used to measure particle concentration.
In the present study, we measured the pathlength adjustment using PSL particles and Mie theory. The actual PSL size distributions were measured by means of an optical particle counter. The measured size distributions were parameterized as bi-modal log-normal size distributions with geometric mean diameters d g1 and d g2 and geometric standard deviations σ g1 and σ g2 , which then served as input to the Mie code. The number concentrations of the two log-normal modes N(mode 1) and N(mode 2) were normalized to N total so that N 1 + N 2 = 1 with N 1 = N(mode 1)/N total and N 2 = N (mode 2)/N total . Single-particle extinction cross sections for the polydisperse case were then calculated as
The PSL extinction coefficients were calculated using the BHMIE code (Bohren and Huffman, 1983) for λ = 630 nm and a refractive index of 1.585 + 0.0i. Finally, the extinction coefficient σ ep, poly was obtained by σ ep, poly = N total × C ext, poly . Calculating the extinction coefficient of the polydisperse aerosol from normalized size distributions has the advantage of a direct comparison of extinction cross sections for monodisperse and polydisperse calibration aerosols, which provides a measure for the uncertainty introduced into the calibration procedure by the simplified assumption of single-sized PSL spheres. Figure 4 shows number size distributions measured for the indicated PSL standards. Although the size distributions are dominated by the nominal PSL sphere mode, PSL conglomerates were observed. Input data to the Mie calculations Correlation plots comparing extinction as calculated by Mie theory and extinction as measured by CAPS PM ex are shown in Fig. 5 . CAPS PM ex data were averaged over 3-5 min sequences after the aerosol generator output had stabilized sufficiently. Error bars in Fig. 5 correspond to 1-σ of the sequence average. Results of the respective linear regression analyses are inserted in the graphs. In both cases measured and calculated extinction coefficients are highly correlated with R 2 > 0.98. The slopes of regression lines are 0.96 (polydisperse) and 0.95 (monodisperse) with the differences being below statistical significance.
These PSL sphere experiments prove the excellent correlation between CAPS PM ex extinction monitor response and calculated extinction coefficients. Both approaches of using either the nominal PSL sphere size and the total number concentration or the full size distribution information for calculating the expected extinction coefficients agree well. These results indicate that the original gas phase-based pathlength adjustment measurement, included in the CAPS PM ex data acquisition software, was low by 5 %. As a consequence, CAPS PM ex data for this instrument evaluation using laboratory-generated polydisperse test aerosols and for the intercomparison purposes based on ambient aerosol data were corrected for the new pathlength adjustment by multiplication with a factor of 1.05.
It has to be noted that the factor of 1.05 arises from a pathlength adjustment conducted for a single instrument. However, data for two instruments run side-by-side as shown in the following section yield a slope of the regression line of unity (see Fig. 7a ) and provide evidence that the pathlength correction is similar for all instruments. Because CAPS PM ex instruments now include the 5 % pathlength adjustment to the reported results, users do not have to apply a further correction.
Instrument evaluation using test aerosols
As an illustration of the laboratory intercomparison studies, Fig. 6 shows a time series of the extinction coefficients measured during the BC + AS test aerosol runs. A similar time series exists for pure AS aerosol which, however, is not shown here. The analysis of the CAPS PM ex data and the combined NEPH + PSAP data was restricted to sequences of relatively stable aerosol concentrations. Table 3 compiles the data obtained from the averaging sequences of the various test aerosols. As indicated by the SSA values listed in Table 3, the instrument evaluation covered the value range from 0.35 to 1.00 with test points at 0.81, 0.89, and 0.96. Thus, the entire SSA range relevant for ambient aerosol measurements is covered by the generated test aerosols. The ratio of σ ep (CAPS PM ex ) to σ ep (NEPH + PSAP) is listed in the rightmost column of Table 3 ; see also Fig. 12 for illustration. Due to the limited number of data points we analyzed the median instead of mean values for the respective test aerosols and obtained 1.09 for AS, 0.94 for BC, and 0.97 for the mixed cases. For the entire set of 12 data pairs the median ratio is 0.997, while the respective mean and 1-σ values of the distribution are 1.018 ± 0.074. Figure 7a displays the instrument evaluation data set graphically demonstrating the excellent accuracy of the CAPS PM ex instrument determined by comparison to the NEPH+PSAP combination. Linear regression analysis of the entire data set (n = 12) yields a slope m = 1.005 ± 0.025 if the zero intercept is set to 0.0, and m = 1.002 ± 0.02 with zero intercept a = 1.44 ± 7.26. For both cases the correlation coefficient is R 2 > 0.99. Figure 7b shows a correlation plot of data obtained from the side-by-side operation of two different CAPS PM ex monitors (operating at 530 nm), both of * σ ep data are reported as mean value (mean) and 1-σ standard deviation of the mean, averaged over the sequences of constant σ ep ; all data refer to NEPH temperature and pressure conditions. ** NEPH correction schemes: AO98 = (Anderson and Ogren, 1998); MA09 = (Massoli et al., 2009 ). *** NEPH + PSAP data were adjusted for a wavelength of 630 nm by applying the measured extinctionÅngström exponent. **** CAPS PM ex data were multiplied by the pathlength adjustment factor 1.05. which sampled temperature-controlled and dry laboratory air from a common inlet. The least squares fit to this data yield a slope of 1.00 ± 0.01 with zero intercept a = 0.17 ± 0026 and R 2 = 0.990, which provides an indication of the repeatability of the CAPS PM ex monitors. This level of agreement is comparable to that obtained using a monochromatic, laser-based cavity ring-down system .
The relative precision of the CAPS PM ex monitor and NEPH+PSAP combination is shown in Fig. 8 as the histogram of data reported by the instruments during 1 h of sampling of particle-free air. The CAPS PM ex instrument reports σ ep,zero = −0.25 ± 0.91 Mm −1 and −0.004 ± 0.19 Mm −1 on average for 1 and 10 s data respectively, in agreement with previous studies . The NEPH + PSAP combination yields σ ep, zero = 0.473 ± 0.471 Mm −1 on average for 10 s data. The small offset is statistically insignificant.
Summarizing the results from instrument accuracy and precision studies, CAPS PM ex is characterized by detection limits of 2.5 and 0.6 Mm −1 for averaging times of 1 and 10 s, respectively, based on 3-σ of the blank value fluctuation, and a reproducibility of 3 % based on 3-σ of the linear regression slope uncertainty. Accuracy studies using PSL spheres yield an uncertainty of ± 1 %, which is of similar order as the value of ± 3 % reported by Massoli et al. (2010) . The level of uncertainty of ± 7 % (3-σ ) obtained for the test aerosol already includes potential uncertainties originating from the inversion of NEPH + PSAP data and will thus be beyond the upper limit of the CAPS PM ex uncertainty level which we determine as ± 3 % in accordance with Massoli et al. (2010) .
Method intercomparison for ambient aerosol
The first week of a two-week period for sampling of ambient aerosol (27 May to 8 June 2011) was characterized by a hot and humid stagnant high-pressure situation with reduced air mass exchange and thus fostered air pollution accumulation. During this initial episode, temperatures exceeded 35 • C quite frequently. In the night from 2 to 3 June 2011 (ordinal day 153-154), a severe thunderstorm passed the area associated with high winds and heavy precipitation. After the passage of the frontal system, the pollution level was significantly reduced. Figure 9 shows the respective time series of various aerosol optical properties measured by the applied suite of instruments. In addition to the integral optical properties, Fig. 10 shows two examples of volume size distributions measured during the high and moderate pollution episodes, respectively, by the OPC. We applied the manufacturer's calibration for PSL spheres and assumed particle sphericity for the conversion of number into volume size distributions since the size information is used only in a qualitative way. In Episode 1 (27 May-2 June), the aerosol was characterized by high SSA values well above 0.90 at 630 m and the volume size distribution was dominated by large accumulation mode particles with a modal diameter of approx. 0.325 µm. In Episode 2 (3-8 June) the aerosol pollution was significantly reduced and the aerosol showed a strong diurnal variation pattern dominated by traffic-related emissions from the nearby highway. Respective SSA values at 630 nm varied between 0.66 at traffic peak time in the morning and 0.95 in the afternoon and evening hours. The modal diameter of the volume size distribution appeared to be below the lower detection limit of the optical particle counter of 0.25 µm. The coarse mode with its modal diameter of about 1.0 µm was only moderately affected by the aerosol accumulated during the high pollution event.
Nighttime data for RH as recorded by the NEPH RH sensor were < 50 % while peak RH data were > 80 % at the end of Episode 1 before the thunderstorm passage and be- low 60 % during Episode 2. The sequence where NEPH measured RH > 70 % is not included in the comparative analysis as these high RH conditions may affect the particle sampling due to condensation in the lines and may independently affect the measurements by the two instruments, which had slightly different internal temperatures (∼ 2 K). The analyzed data set consists of NEPH measured RH conditions less than 70 %.
The performance of the deployed instruments for the measurement of aerosol extinction (CAPS PM ex , NEPH + PSAP) is shown in Fig. 11 . Extinction coefficient data are highly correlated with R 2 > 0.994 for both analyzed data sets and respective regression line slopes of 0.95 ± 0.01 (a = 0.98 ± 0.12) for Episode 1 and 0.94 ± 0.01 (a = 0.07 ± 0.04) for Episode 2. Similar results are reported from a recent study operating one CAPS PM ex and a NEPH + PSAP combination in the Storm Peak Laboratory, USA (Andrews et al., 2012) . Potential reasons for the observed disagreement between CAPS PM ex and NEPH + PSAP in case of ambient aerosol sampling are discussed in the following section.
The ratio of CAPS PM ex to NEPH + PSAP data is plotted in Fig. 12 for all investigated aerosol types. This graph illustrates an apparent discrepancy between the CAPS PM ex and the NEPH + PSAP extinction measurements for ambient data; the CAPS PM ex is approximately 5 % low compared to NEPH + PSAP, with the bulk of data falling in the range 0.90-1.05. More important, however, is the observation that the scatter in the ratio σ ep (CAPS PM ex )/σ ep (NEPH + PSAP) is randomly distributed instead of being in correlation to the absolute value of σ ep ; e.g. for high extinction levels of 300 Mm −1 , the ratio of CAPS PM ex to NEPH + PSAP is 0.94 for absorbing aerosol, 1.00 for mixed aerosol, and 1.06 for pure AS. Respective numbers for an extinction level of approx. 100 Mm (MIX), and 1.14 (AS). In total there is no link between the extinction level and the ratio of CAPS PM ex to NEPH+PSAP observed.
Discussion and conclusions
The results from the instrument calibration work with PSL spheres and Mie theory yield a strong correlation (R 2 > 0.98) between instrument response and light extinction calculated by Mie theory. The particle-based measurements indicate a pathlength adjustment of 1.05 compared to previous gas phase-based estimates. The new pathlength adjustment factor agrees with instrument geometry. With this one-time adjustment, the CAPS PM ex technique appears to provide a very accurate measurement of aerosol light extinction. Instrument evaluation of CAPS PM ex versus the NEPH + PSAP combination using highly absorbing black carbon particles (Regal black), exclusively scattering aerosol (ammonium sulfate) and mixtures of both show excellent correlation between methods. The slope of the regression line is 0.99, demonstrating the robustness of the calibration for aerosol particles with single scattering albedos ranging from strongly absorbing with SSA = 0.35 to purely scattering with SSA = 1.0.
This instrument intercomparison between the CAPS PM ex and the widely used method of NEPH + PSAP combination for ambient aerosol sampled from a rooftop inlet serves as realistic test case for the measurement of ambient aerosol under field conditions. The bulk of the CAPS PM ex data deviate from respective NEPH + PSAP data by −5 %, indicating a small but robust disagreement which is not present for the laboratory studies. There are a number of possible explanations for this small level of disagreement:
1. The observed temperature difference of approx. 2 K between CAPS PM ex and NEPH implies a potential RH difference between the two instruments of ∼ 13 %, with the CAPS PM ex instrument experiencing a higher maximum RH of ∼ 83 %. Assuming ammonium sulfate particles, this RH difference could potentially lead to significant differences between the extinction measurements of the two techniques with the CAPS PM ex theoretically measuring higher extinctions, which were not observed. Typical particle compositions measured at the measurements site (i.e. Aerodyne Research, Inc., Billerica, MA), though conducted separately and at different times, indicate that the particles are composed primarily of organics, which will have significantly reduced hygroscopicity changes under these RH conditions. Finally, the observed differences in measured extinction between the two instruments indicate that the NEPH + PSAP extinctions were, on average, slightly higher than the CAPS PM ex extinctions (see Fig. 12 ), which is in the opposite direction of any potential impact due to the temperature and RH differences between the two instruments.
2. The observed disagreement can potentially be explained by an enhanced absorption measurement caused by organic coatings on the filter of the PSAP; see e.g. Cappa et al. (2008) and Lack et al. (2008) . An average ratio of σ ep (CAPS PM ex )/σ ep (NEPH + PSAP) of 0.95 for the presented set of ambient data would require an
